We report on 4 cases of abdominal compartment syndrome complicated by acute renal failure that were promptly reversed by different abdominal decompression methods. Case 1: A 57-year-old obese woman in the post-operative period after giant incisional hernia correction with an intra-abdominal pressure of 24 mm Hg. She was sedated and curarized, and the intra-abdominal pressure fell to 15 mm Hg. Case 2: A 73-year-old woman with acute inflammatory abdomen was undergoing exploratory laparotomy when a hypertensive pneumoperitoneum was noticed. During the surgery, enhancement of urinary output was observed. Case 3: An 18-year-old man who underwent hepatectomy and developed coagulopathy and hepatic bleeding that required abdominal packing, developed oliguria with a transvesical intra-abdominal pressure of 22 mm Hg. During reoperation, the compresses were removed with a prompt improvement in urinary flow. Case 4: A 46-year-old man with hepatic cirrhosis was admitted after incisional hernia repair with intra-abdominal pressure of 16 mm Hg. After paracentesis, the intra-abdominal pressure fell to 11 mm Hg. DESCRIPTORS: Acute renal failure. Abdominal compartment syndrome.
Wendt was the first to report in 1876 the reduction of urinary flow associated with intra-abdominal hypertension (IAH) 13 . Increased intra-abdominal pressure (IAP) during laparoscopic surgery or after other surgical procedures has been associated with oliguria and anuria 1-8, . The basic sciences and clinical observations have confirmed the effects of elevated IAP on multiple organ systems [9] [10] [11] [12] . The abdomen is a closed space, and it has been known since the beginning of this century that high IAP may be detrimental; for example, the compartment syndromes in the extremities observed after trauma or vascular surgery 3 . A compartment syndrome is defined as a condition in which a confined space adversely affects the circulation and threatens the function and viability of the tissues. The term abdominal compartment syndrome (ACS) was first used by Kron et al. 8 in the early 1980s to describe the pathophysiology resulting from IAH secondary to surgery for aortic aneurysm. Intra-abdominal hypertension develops when intra-abdominal pressure is above 10mm Hg, and it can cause organ dysfunction 13 . Abdominal pressures higher than 15 to 25mm Hg have been shown to cause: increased intrathoracic pressures; decreased cardiac output and stroke volume; increased intracranial pressure; decreased flow in the celiac, superior mesenteric, and renal arteries; decreased small bowel mucosal tension; and predisposition for bacterial translocation 13 . Abdominal compartment syndrome is diagnosed when IAP causes intraand extra-abdominal organ dysfunction and failure. A useful definition of ACS requires an IAP greater than 20mm Hg complicated by at least one of the following: peak airway pressure greater than 45cm H 2 O, oxygen delivery index less than 600mL 0 2 /min/m 2 , urine output less than 0.5mL/kg/h, or hemodynamic instability needing catecholamines 13, 14 . Abdominal decompression must result in clinical improvement.
The most recent work by Sugrue et al. 14 and Ivatury et al. 15 revised the classic definition of ACS to include isolated impairment of gut perfusion, because it adversely affects outcome independent of other organ dysfunction.
We report 4 cases of ACS associated with acute renal failure (ARF).
CASE REPORTS
Case 1: A 57-year-old obese woman was admitted in the post-operative period after giant incisional hernia correction. Her body mass index was 42kg/m 2 and serum creatinine was 0.6mg/dL in the pre-operative period. She developed abdominal distension and oliguria (190 mL in the first 12 hours) after surgery. After 20 hours she had an arterial blood pressure (ABP) of 120/70 mm Hg and a central venous pressure (CVP) of 19cm H 2 O, but maintained oliguria (urinary output 15mL/hr), and serum creatinine rose to 1.8 mg/dL. A challenge of intravenous furosemide failed. At this time, intraabdominal pressure (IAP) was measured using the transvesical technique, and it was 24 mm Hg. Then the patient was sedated and curarized; the IAP fell to 15mm Hg, she presented a urinary flow of 640 mLin 7 hours, and serum creatinine dropped to 1.3 mg/dL. Case 2: A 73-year-old woman was admitted due to acute inflammatory abdomen. She presented significant abdominal distension, anuria, and serum urea and creatinine elevations (106 mg/dL and 3.5mg/dL, respectively). After optimization of filling pressures, she underwent exploratory laparotomy during which a hypertensive pneumoperitoneum was noticed. During the surgery, enhancement of urinary output was observed.
Case 3: An 18-year-old man underwent hepatectomy for a giant fibrolamellar hepatic carcinoma. In the operating room, he developed coagulopathy and hepatic bleeding. Abdominal packing with surgical compresses was the treatment of choice. In the post-operative follow-up, the patient developed oliguria and worsening of renal function. The transvesical IAP measurement was 22mm Hg. During reoperation, when the compresses were removed there was a prompt improvement in urinary flow.
Case 4: A 46-year-old man with portal hypertension secondary to hepatic cirrhosis was admitted after incisional hernia repair. He presented abdominal distension, oliguria, and respiratory distress. The transvesical IAP was 16mm Hg, and serum creatinine was 5.0mg/dL. After paracentesis, adequate volume replacement, and intravenous furosemide, he presented 580mL of diuresis in 12 hours, the IAP fell to 11 mm Hg, and serum creatinine fell to 3.9mg/dL.
PATHOGENESIS
There are many different causes of acutely elevated IAP. Abdominal compartment syndrome develops with acute and rapid elevation in IAP. Chronic increases in intra-abdominal volume, such as in morbidly obese patients, lead to a slower increase in IAP as the abdominal wall accommodates and becomes more compliant with time-the so-called "stress-relation" phenomenon 16 . With this gradual increase, the organ systems are able to compensate for the changes in IAP, and the acute deterioration seen with ACS does not occur in these patients. Elevated IAP in these individuals is not benign. The morbidity that occurs in these conditions (central obesity) is at least in part attributable to the chronically elevated IAP 17, 18 . Abdominal compartment syndrome can develop in both nonsurgical and surgical patients. Increases in retroperitoneal volume from pancreatitis, hemorrhage, or edema from pelvic trauma or aortic surgery can lead to ACS [19] [20] [21] [22] . Increased intraperitoneal volume is the most common cause of elevated IAP. These include intraperitoneal hemorrhage, bowel distension, mesenteric venous obstruction, abdominal packs, tense ascites, peritonitis, and tumor [22] [23] [24] [25] [26] [27] [28] [29] [30] . Extrinsic compressions of the abdomen caused by burn eschars, tight abdominal closures, and repair of large incisional hernias can also lead to increases in IAP [31] [32] [33] . In most critically ill patients, IAP leading to ACS is multifactorial. Massive volume resuscitation can lead to increased IAP in patients in the postoperative period or with sepsis due to the effects of capillary leakage and ischemia-reperfusion injury 34 . The circulatory effects of increased IAP, combined with extracellular edema, may lead to abdominal wall edema and ischemia, reducing abdominal compliance and further accentuating the IAP increases 35 . In critically ill patients, these factors are additive, aggravating multiple organ failure.
MEASUREMENT OF INTRA-ABDOMINAL PRESSURE
There are many methods for measuring IAP. Direct measurement, except in laparoscopic procedures, is not used, since indirect methods, particularly the transvesical method, are reliable and relatively noninvasive. The transvesical method is considered the "gold standard " for indirect clinical measurement of IAP.
The wall of the urinary bladder behaves as a passive diaphragm when the bladder volume is between 50 and 100mL. Pressure measurements recorded simultaneously through a peritoneal dialysis catheter and a transurethral urinary bladder catheter were equal during several infusions of peritoneal dialysis solution for pressures of 5 and 50mm Hg 7 . The reference point, considered the zero point, is the top of the symphysis pubis with the patient supine. Fifty to 100mL of saline is injected into the empty bladder through the indwelling Folley catheter. The drainage bag is cross-clamped just distal to the culture aspiration port, and a 16-gauge needle is inserted through the aspiration port and connected to a pressure transducer 7 . This technique has been validated in animal models showing a high degree of correlation with directly measured IAP 36, 37, 38 . A simplification of this method can be done by elevating the closed urine bag collecting system above the patient's symphysis pubis. Urine will flow back into the bladder through the urinary catheter until equilibrium is reached. The column height is measured in units of cm of H 2 O and is considered equivalent to the IAP 8 . Two of our patients had urinary bladder IAP measurements that established their diagnosis and dictated treatment.
Compared with bladder pressure measurements, clinical abdominal assessment has poor sensitivity and accuracy for elevated IAP 39 . A femoral vein catheter can be used to measure pressure within the inferior vena cava, which correlates well with the direct measurement. Validation studies in humans have never been done, probably because they are impractical, invasive, and carry significant risk 36 .
Another indirect method that has been described for measuring IAP uses the intrarectal pressure. In this method, the intrarectal pressure is obtained by introduction of a 12F balloon-tipped catheter connected to a pressure transducer into the rectum 8-10 cm from the anal verge. The investigators found no significant differences between the intrarectal pressure and the direct measurement of IAP 37 . The esophagus and the stomach have also been used for IAP measurement 40, 41 . The intragastric pressure also has good correlation with the IAP. Intragastric pressure can be determined by infusing 50-100mL of water into the gastric cavity through a nasogastric tube. The proximal end of the open tube is held perpendicular to the floor. The distance of the water level to the midaxillary line is taken as the IAP in cm H 2 0. This measurement has an acceptable correlation to urinary bladder pressure 42 . The gastric tonometer catheter may also be used 43 . Intragastric measurement is the method of choice in patients when there are contraindications or when utilization of the bladder is impossible. This measurement is easy to perform. Additionally, it does not interfere with the urinary output measurement, and it promotes continuous monitoring of abdominal pressure. However, intragastric measurement is more expensive and less accepted than the urinary bladder method in clinical practice.
Although IAP can physiologically reach elevated values (cough, Valsalva maneuver, weight lifting, etc.), these values can not be tolerated for long periods, and during most of the day, its value is kept around zero. Values above 10 mm Hg are considered abnormal.
Intra-abdominal hypertension must be considered in high-risk patients presenting abdominal distension, respiratory distress, worsening of clinical evolution, or acute renal insufficiency (Table 1) 
PATHOPHYSIOLOGY OF ELEVATED IAP

Renal derangements
Oliguria progressing to anuria and prerenal azotemia unresponsive to volume expansion characterize the renal dysfunction of ACS 22, 30, 44, 45 . Deterioration of renal function affects the prognosis directly, increasing the importance of a rapid diagnosis and treatment.
Many mechanisms have been proposed to explain the effects of IAP on renal function. Intra-abdominal pressure above 15mm Hg is related to de- 46 . This can occur even during a laparoscopic surgery 44, 47 . Amelioration of renal function after abdominal decompression has been demonstrated in many studies 19, 20, 44, 47, 48 , and dopamine administration does not appear to have a protective effect 44 . Impairment of venous return by inferior cava vein compression cannot alone completely explain the manifestations of renal function deterioration, since optimization of cardiac output and filling pressures do not reverse this complication 49 . Renal derangements involve effective renal blood flow and reduction of the glomerular filtration rate, water reabsorption, and increase in renal vein pressure. These effects have been attributed to increases in total renal vascular resistance due to direct compression of the renal vein and parenchyma 19 . Renal derangements may also be due to corticomedullary shunting of renal plasma flow, reducing effective renal plasma flow.
An increase in antidiuretic hormone production was demonstrated in dogs with an IAP of 80mm Hg 51 . Moreover, increased circulation levels of renin and aldosterone can be seen secondary to renal and systemic hemodynamic changes, which further increases renal vascular resistance and produces sodium and water retention. Renin and aldosterone levels decrease partially with volume expansion and further with abdominal decompression. Elevated IAP does not seem to have a significant effect on the aorta and renal artery flow or on ureter patency 51, 52 .
Cardiovascular derangements
Elevation in IAP greater than 20 mm Hg leads to a reduction in cardiac output (CO) 38, 52, 53, 54, 55 . The diminished CO results from direct compression of the inferior vena cava decreasing venous flow, as well as from an increased thoracic pressure, which decreases both inferior and superior vena caval flow. The increased thoracic pressure also results in cardiac compression with decreased ventricular end-diastolic volume. Intra-abdominal hypertension also leads to an increased systemic afterload. All of these lead to a reduced stroke volume with a compensatory increase in heart rate. Diaphragmatic elevation markedly elevates pleural pressure in animal models 56 . This increase is transmitted to the heart and central veins, leading to spuriously elevated central venous pressure, pulmonary artery pressure, and pulmonary wedge pressure combined with a reduced CO. If the measured pleural pressure is subtracted, the true pressures may actually decrease with IAH. If this is not taken in consideration, the hemodynamic profile can be confused with biventricular failure 38 .
Abdominal abnormalities
Intra-abdominal hypertension reduces both mesenteric arterial and portal venous flow 57 . Diebel et al found that while reductions in mesenteric and intestinal mucosal blood flow occurred at an IAP of 20mm Hg, portal flow became compromised at only 10 mm Hg 12 . An IAP greater than 20mm Hg impairs intestinal perfusion at the mucosal and submucosal levels, leading to anaerobic cell metabolism and metabolic acidosis 58, 59 . Gastric tonometry may be a sensitive clinical indicator of gut ischemia in ACS 60 . Recent evidence suggest that elevations in IAP greater than 10mm Hg are associated with sepsis, multiple organ failure, and mortality 61, 62 .
Pulmonary disfunction
Respiratory failure due to an acute elevation in IAP is characterized by high inspiratory pressures, hypoxia, and hypercarbia. A diaphragmatic elevation occurs with a reduction in static and dynamic pulmonary compliance 63, 64 . The increase in IAP also reduces functional residual capacity and residual volume 16 , leading to ventilation-perfusion abnormalities and hypoventilation, which results in hypoxia and hypercarbia 65 .
DISCUSSION
Critically ill postoperative patients are at high risk of development of IAH, and decompression should be considered with more frequency as the treatment of choice for patients with ACS, as we observed in our case reports. These patients should have frequent measurements of urinary bladder pressure. Recently, Ivy et al. 66 reported that IAH also occurs commonly in major burn patients, and ACS is seen regularly in patients with burns on more than 70% of the body surface area.
In our patients, initial management through volume replacement and optimization of filling pressures generally was not sufficient to achieve satisfactory clinical compensation. ICU bedside abdominal surgery should be considered if the patient is too unstable for transport to the operation room and the surgeon believes a limited procedure, such as decompression of IAP, will be lifesaving 67 . Although celiotomy results in immediate relief, it can be associated with exsanguination in emergency situations. Classical examples include hemoperitoneum from abdominal trauma and retroperitoneal hematoma from pelvic fracture. In the last case, early treatment must be focused on the stabilization of fracture and control of bleeding, because attempts to open the abdomen can lead to death. Therapy must be of support, dealing afterwards with the consequences of IAH.
We must not forget that closure of the abdomen after any procedure asso-ciated with profound hemorrhage and shock, massive volume resuscitation, and resultant visceral and retroperitoneal edema represents a balance between the IAP necessary to tamponade bleeding and the IAP that produces fulminant ACS 60 . In severe abdominal trauma followed by hemorrhagic shock and vigorous fluid replacement in which development of IAH can be foreseen due to massive bowel, abdominal wall, retroperitoneum, and solid organ edema, cautious evaluation must be done at the time of primary abdominal closure 45 . Tight abdominal closure under this situation can worsen the tissue injury, promote sepsis, cause necrotizing fasciitis, fascia dehiscence, and evisceration and can result in a fatal outcome 68 . The most optimal management of the ACS is the open abdomen. It is the preferred prophylaxis before any evidence of clinical deterioration 69, 70 . The use of temporary abdominal content containment is advised. Since the use of absorbable prosthetic closure has been associated with very high rates of formation of fistula and ventral hernia, the use of nonabsorbable prosthetic abdominal closures, particularly with Gore-Tex, has proved efficacious in the prevention of postoperative ACS (only 1 of 18 closed in this manner developed ACS requiring reoperation). The use of nonabsorbable prosthetic abdominal closures enhances the possibility for delayed abdominal closure and minimizes the risk of gastrointestinal fistulization 71 .
Ghimenton et al
72 compared the use of plastic bags with polyglactin mesh, and they defend the use of the former, which are cheaper and are as effective as the other for temporary abdominal closure.
The silastic "Bogota" bag can be fashioned from a sterilized 3L Folley irrigation bag cut along its seams, fashioned to the necessary size, and sewn to the fascia with 0-monofilament suture or stapled to the skin 60 . Standard towel clips are applied 1 to 2 cm from the skin edge and 1 to 2 cm apart for the entire length of the incision and then are wrapped in a moist towel and covered with a self-adhesive iodized plastic sheet. If excessive tension develops, successive removal of clips can reduce IAP 60 . We must emphasize that all the individuals responsible for the care of patients in the ICU should be familiar with the concepts and techniques of open abdomen wound management 67 . For patients at risk we advocate the continuous measurement of urinary bladder pressure for early detection of ACS, in addition to using temporary abdominal content containment. Descrevemos quatro casos de sín-drome compartimental abdominal complicadas por insuficiência renal aguda e prontamente revertidas por diferentes métodos de descompressão abdominal. Caso 1: paciente obesa de 57 anos no pós-operatório de correção de hérnia incisional gigante com pressão intra-abdominal de 24 mm Hg. Após sedação e curarização, a PIA caiu para 15 mm Hg. Caso 2: paciente de 73 anos com abdômem agudo inflamatório submetida à laparotomia exploradora quando foi diagnosticado pneumoperitôneo hipertensivo. Durante a cirurgia houve melhora da diurese. Caso 3: paciente de 18 anos submetido a hepactetomia apresentou coagulopatia e sangramento hepático necessitando tamponamento com compressas, evoluindo com oligúria e PIA de 22 mm Hg. Na reoperação, após remoção das compressas houve melhora importante do fluxo urinário. Caso 4: paciente de 46 anos com cirrose hepá-tica foi admitido após correção de hér-nia incisional com pressão intra-abdominal de 16 mm Hg. Após paracentese, a pressão intra-abdominal caiu para 11 mm Hg.
RESUMO
DESCRITORES: Insuficiência renal aguda. Síndrome compartimental abdominal.
